PeriamPullary malignant neoplasms have been increasing in Japan, mainly in response to an increase in the incidences of pancreatic cancer. The surgical resection rate has also been increasing because of recent advances in surgical techniques. Pancreatic cancer is the fifth leading cause of cancer-related death in Preoperative insulin secretion ability and pancreatic parenchymal thickness as useful parameters for predicting postoperative insulin secretion in patients undergoing pancreaticoduodenectomy abstract. Periampullary malignant neoplasms have been increasing in Japan, mainly in response to an increase in the incidences of pancreatic cancer, and glucose intolerance due to deterioration of insulin secretion is an important problem. We investigated preoperative parameters to predict postoperative insulin secretion and the need for insulin therapy in patients undergoing pancreaticoduodenectomy (PD). Thirty-six patients with malignant neoplasms of periampullary lesions were enrolled. Preoperative pancreatic parenchymal thickness was evaluated by computed tomography. Insulin secretion and glucose tolerance were evaluated by a 75-g oral glucose tolerance test and an intravenous glucagon loading test. The relationships between postoperative insulin secretion and preoperative parameters and the cut-off values for predicting the need for postoperative insulin therapy for glycemic control were investigated. Pancreatic parenchymal thickness and other preoperative parameters, including the increment of serum C-peptide (∆ C-peptide), fasting plasma C-peptide (F-CPR), insulinogenic index (I.I.) and fasting plasma glucose (FPG), were significantly associated with postoperative insulin secretion. Multiple regression analyses revealed that preoperative ∆ C-peptide or F-CPR was the most significant determinant of postoperative insulin secretion, followed by pancreatic parenchymal thickness. In the receiver operating characteristic curve, the best preoperative cut-off values for predicting the need for postoperative insulin therapy were a ∆ C-peptide of 0.65 ng/mL, a F-CPR of 0.85 ng/mL and a pancreatic parenchymal thickness of 6.0 mm. Both preoperative insulin secretion and pancreatic parenchymal thickness effectively predict postoperative insulin secretion and identify subjects who need postoperative insulin therapy for glycemic control.
males and the sixth leading cause in females in Japan [1] , and pancreaticoduodenectomy (PD) is the main operative procedure, accounting for approximately 60% of all pancreatic cancer surgery [2] . Among the complications of PD, glucose intolerance is an important problem, and diabetes mellitus develops postoperatively in 20-50% of patients [3, 4] . PD involves the surgical reduction of approximately 50% of the pancreatic parenchymal tissue [5] , and insulin secretion usually deteriorates because of a reduction in beta cell mass [5] [6] [7] [8] . Glucose tolerance is determined by the balance between insulin secretion and insulin resis-kg/m 2 and 5.4 ± 1.0 % (Japan Diabetes Society, JDS), respectively. Twenty-two patients had pancreatic carcinoma; 5 patients had ampullary carcinoma; 3 patients had duodenal carcinoma; 3 patients had bile duct carcinoma; 2 patients had malignant endocrine carcinoma; and 1 patient had carcinoma of the transverse colon. Patients who had intraductal papillary mucinous neoplasm (IPMN) or benign tumors were excluded from this study. Glucose tolerance, insulin secretion and insulin resistance were examined before and after pancreatic surgery. All of the postoperative examinations were conducted when the patients were able to take food orally and no longer required an intravenous drip. After surgery, all patients were treated with diet. If the fasting plasma glucose level was greater than 126 mg/ dL or the plasma glucose level at any other time was greater than 200 mg/dL, treatment with insulin was initiated. Written informed consent was obtained from all participants, and this study was approved by the Ethics Committee of Osaka University.
Methods
Preoperative pancreatic parenchymal thickness was used as a measure of total postoperative remnant pancreatic volume. The preoperative morphology of the pancreas was examined by CT [17, 18] . Abdominal CT scans were performed within one month prior to surgery. Pancreatic parenchymal thickness was defined as the width of the entire gland minus the main pancreatic duct (MPD) diameter along the minor axis. The thickness was also measured manually in the region of the pancreas where the maximum MPD diameter was determined at the pancreatic tail side of the neoplasm (Fig. 1) [17] .
Glucose tolerance was classified into three previously described categories according to a 75-g OGTT using Japanese criteria (normal type, borderline type and diabetic type) [19] . Patients with HbA1c ≥ 6.5% (JDS), a fasting plasma glucose ≥ 126 mg/dL or hypoglycemic agents were regarded as diabetic when they were not undergoing the 75-g OGTT. Insulin secretion was evaluated by the insulinogenic index (I.I.) and the disposition index (D.I.) of a 75-g OGTT and the increment of serum C-peptide (∆ C-peptide) after a 1 mg intravenous injection of glucagon [19] [20] [21] . The disposition index (D.I.) was used to measure insulin secretion adjusted for the degree of insulin sensitivity. The I.I. and D.I. were evaluated in 26 patients before PD and in 30 patients after PD. Values of ∆ C-peptide tance. After surgery, an impairment of glucose tolerance often occurs, or preexisting diabetes mellitus deteriorates because the reduced beta cell mass fails to sustain sufficient insulin secretion. In humans, glucose levels begin to rise when the beta cell mass is reduced by approximately 50% [9] , and the extent of beta cell loss in patients with overt diabetes has been reported to be 65% [10] .
Postoperative insulin secretion is evaluated by various clinical methods, such as a urinary C-peptide measurement, a 75-g oral glucose tolerance test (75-g OGTT) and an intravenous glucagon test. For patients undergoing pancreatectomy, these tests are can be stressful and time-consuming [11] . Identification of a preoperative parameter to predict postoperative insulin secretion and the need for postoperative insulin therapy as a result of reduced insulin secretion could be useful. To date, however, no such preoperative parameter has been clearly identified. In human islet transplantation, a larger size or weight of the donor pancreas has been associated with a larger number of isolated islets, and pancreatic size or weight was one of the important factors for the success of islet isolation [12] [13] [14] suggesting that pancreatic size might directly reflect beta cell mass and insulin secretion. In recent studies, pancreatic volume measured by computed tomography (CT) with three-dimensional imaging has been correlated with glycemic control and insulin secretion [15, 16] . However, three-dimensional analysis of the pancreas is not common in current clinical practice. In the present study, we analyzed the relationships between various preoperative parameters, including pancreatic thickness (easily measured by CT with two-dimensional imaging [17, 18] as a parameter reflecting the total postoperative remnant pancreatic volume, and postoperative insulin secretion to determine which parameter would best predict postoperative insulin secretion. We also analyzed the optimal preoperative cut-off values for identifying subjects requiring postoperative insulin therapy.
materials and methods

Patients
Thirty-six patients (22 males and 14 females) who had malignant neoplasms of periampullary lesions underwent PD between April 2008 and June 2011 in the Department of Surgery, Osaka University Hospital. The mean age, body mass index (BMI) and HbA1c values of the patients were 62.7 ± 12.4 years, 20.8 ± 2.5
The Matsuda index was calculated by the following formula: 10000 / (G 0 x I 0 x G 120 x I 120 ) 1/2 [22] . We investigated appropriate cut-off values for preoperative parameters, including pancreatic parenchymal thickness, to identify subjects who required postoperative insulin therapy for glycemic control.
Statistical analyses
Data are presented as the mean ± standard deviation (S.D.). Pearson's correlation coefficient analysis was used to assess the relationships between the postoperative parameters of insulin secretion (I.I., ∆ C-peptide and D.I.) and the preoperative parameters, as well as the relationship between postoperative plasma glucose level in the 75-g OGTT and pancreatic parenchymal thickness. Multiple regression analyses were conducted to determine the contribution of each preoperative parameter to the postoperative I.I. and ∆ C-peptide. Receiver operating characteristic (ROC) curves were used to determine the appropriate cut-off values for preoperative parameters, including preoperative ∆ C-peptide, fasting plasma C-peptide (F-CPR), fasting plasma glucose (FPG) and pancreatic parenchymal thickness, to identify subjects who needed postoperative insulin therapy. A Wilcoxon signed-ranks test was used to compare I.I., ∆ C-peptide and D.I. values before and after surgery. A P value < 0.05 was taken to indicate significant difference. All statistical analyses were performed with StatView (Statistical Analysis System Inc., Cary, NC) or the SPSS Statistica software package (version 11.0.1J; SPSS, Chicago, IL).
results
Preoperative glucose tolerance of 15 patients was normal, 6 patients were borderline diabetic and 15 patients were diabetic. Nine diabetic patients were treated with diet; 2 diabetic patients were treated with oral hypoglycemic agents; and 4 diabetic patients were treated with insulin. The postoperative glucose tolerance test showed that 14 patients were normal, 13 patients were borderline diabetic and 7 patients were diabetic. Glucose tolerance in 2 patients could not be evaluated because one patient could not drink the 75 g of glucose juice, and the other patient died two months after the operation. Among the 15 patients whose preoperative glucose tolerance was normal, 9 patients were also normal, but 6 patients regressed to borderline diabetic status after surgery. Among the 15 preoperative were determined in 26 patients before PD and in 32 patients after PD. Patients who could not tolerate the 75 g glucose juice orally as a result of gastrointestinal symptoms or who were fasting and under intravenous drip did not undergo these perioperative tests. The I.I. was defined as the ratio of the increment of insulin to that of plasma glucose at 30 min after the glucose load (∆ serum insulin 0-30 min/∆ plasma glucose 0-30 min). The value of ∆ C-peptide was defined as the difference between the 6 min value of serum C-peptide and its basal value. D.I. was calculated as the product of the insulin secretion x insulin sensitivity as previously reported [20] . Insulin secretion was calculated using the ratios of total insulin area under the curve (AUC) and total glucose AUC during 0-30 and 0-120 min of the OGTT. Insulin sensitivity was calculated as Matsuda index. The relationships between postoperative I.I., ∆ C-peptide or D.I. and preoperative age, BMI, pancreatic parenchymal thickness, fasting plasma glucose, fasting serum insulin, F-CPR, I.I., D.I. and ∆ C-peptide were investigated. Insulin resistance was also evaluated by the homeostasis model assessment of insulin resistance (HOMA-IR) and the Matsuda index. HOMA-IR was calculated by the following formula: fasting plasma glucose (G 0 ) x fasting insulin (I 0 ) / 405. 0.78) ( Table 1) . Postoperative ∆ C-peptide was evaluated 25.4 ± 12.6 days after PD, and postoperative I.I. and D.I. were evaluated 30.7 ± 18.5 days after PD. The postoperative ∆ C-peptide levels in the five patients who needed insulin therapy for glycemic control after PD were 0, 0.1, 0.2, 0.5 and 0.5 ng/mL. The pancreatic parenchymal thickness ranged from 2.3 to 24.7 mm, and the mean thickness was 9.7 ± 4.9 mm (n = 36). The pancreatic parenchymal thicknesses in the five patients who needed postoperative insulin therapy while taking food, with no intravenous drip, were 3.3, 5.0, 5.5, 5.9 and 7.0 mm.
The relationships between postoperative insulin secretion and preoperative clinical parameters are shown in Table 2 . There were significant linear relationships between postoperative I.I. and preoperative ∆ C-peptide (r = 0.82, p < 0.0001) and pancreatic parenchymal thickness (r = 0.66, p < 0.0001) (Fig. 2 ). There were also significant linear relationships between postoperative ∆ C-peptide and preoperative ∆ C-peptide (r diabetic patients, 7 patients were also diabetic, but 7 patients were ameliorated to normal or borderline diabetic after surgery. Among 6 preoperative borderline diabetic patients, 2 patients were also borderline diabetic, but 3 patients were ameliorated to normal. Five postoperative diabetic patients were treated with insulin and 2 postoperative diabetic patients were treated with diet. Among the 5 patients who required postoperative insulin therapy, 3 of them had been treated preoperatively with insulin and 2 had been treated preoperatively with oral anti-diabetic drugs.
Preoperative ∆ C-peptide was significantly reduced after surgery (2.5 ± 2.3 ng/mL to 1.2 ± 1.4 ng/mL, p < 0.0001). Preoperative I.I. was 0.72 ± 0.77 and decreased to 0.51 ± 0.61 after surgery, but this reduction was not significant (p = 0.86). Preoperative D.I. 0-30 was 1.6 ± 1.9 and decreased to 1.4 ± 1.4 after surgery, but this reduction was not significant (p = 0.45). Preoperative D.I. 0-120 was 2.1 ± 2.2 and decreased to 1.7 ± 1.5 after surgery, but this reduction was not also significant (p = In the ROC curves, the best cut-off preoperative values for predicting the need for postoperative insulin therapy were a pancreatic parenchymal thickness of 6.0 mm, a ∆ C-peptide of 0.65 ng/mL, a F-CPR of 0.85 ng/mL and a FPG of 103.5 mg/dL. All these parameters had high areas under the curve (AUCs), sensitivities, specificities, negative predictive values and positive likelihood ratios and low negative likelihood ratios. These parameters also had relatively low positive predictive values; ∆ C-peptide had the highest positive predictive value, followed in descending order by pancreatic parenchymal thickness, F-CPR and FPG. Preoperative insulin therapy also had high specificity, a negative predictive value and a positive likelihood ratio, but it had relatively low sensitivity (Table 4) .
We did not observe a significant relationship between postoperative plasma glucose levels in the 75-g OGTT (0, 30, 60 and 120 min) and preoperative parameters (data not shown). The preoperative HOMA-IR was 1.2 ± 0.6, and the postoperative HOMA-IR was 1.1 ± 0.9. The preoperative Matsuda index was 8.7 ± 11.7, and the postoperative Matsuda index was 15.8 ± 13.2. There was no significant difference between these values (Table 1) . However, the preoperative Matsuda index in patients whose glucose tolerance improved after surgery (borderline diabetic to normal, diabetic to normal or diabetic to borderline diabetic) increased more than in patients whose glucose tolerance did not improve (borderline diabetic to borderline diabetic, borderline diabetic to diabetic or diabetic to diabetic) (5.6 ± 2.4 to 17.6 ± 11.3 vs. 6.2 ± 3.7 to 11.9 ± 10.8). (Fig.  4) . Preoperative ∆ C-peptide and pancreatic parenchymal thickness were associated with both postoperative I.I. and ∆ C-peptide.
Multiple regression analysis including preoperative ∆ C-peptide and pancreatic parenchymal thickness showed that preoperative ∆ C-peptide was a significant determinant of postoperative I.I. (S.C. = 0.610, p = 0.0017). Pancreatic parenchymal thickness was not a significant determinant but was a reference predictor of postoperative I.I. (S.C. = 0.337, p = 0.0541) ( Table  3) . Multiple regression analysis including preoperative ∆ C-peptide, pancreatic parenchymal thickness, age and preoperative FPG showed that preoperative ∆ C-peptide was the most significant determinant of postoperative ∆ C-peptide (S.C. = 0.772, p < 0.0001), and pancreatic parenchymal thickness was the second (S.C. = 0.254, p = 0.0178). Similarly, multiple regression analysis including preoperative F-CPR, pancreatic parenchymal thickness, age and preoperative FPG showed that preoperative F-CPR was the most significant determinant of postoperative ∆ C-peptide (S.C. = 0.464, p = 0.0021), pancreatic parenchymal thickness was the second (S.C. = 0.373, p = 0.0138) and preoperative FPG was the third (S.C. = -0.275, p = 0.0412) ( Table 3) . stressful and more convenient for these patients than ∆ C-peptide and 75-g OGTT because a preoperative CT scan is routinely performed. The adequacy of measuring pancreas volume is also supported by a report that the pancreatic volume, as measured by CT with threedimensional imaging, predicts postoperative glucose intolerance 1 year after pancreatectomy [15] . In addition, 3 of 5 patients who needed postoperative insulin therapy had already been treated with insulin before surgery, suggesting that preoperative insulin therapy, as well as other preoperative parameters described above, can serve as a predictor of postoperative insulin need.
Preoperative parameters were able to predict postoperative insulin secretion but not postoperative glucose tolerance. A patient's need for postoperative insulin therapy for glycemic control could primarily be determined by postoperative insulin secretion capacity, but glucose tolerance might be also affected by postoperative factors other than insulin secretion, such as insulin resistance, the reconstruction procedure [24, 25] and incretin secretion [6, 26] . In fact, glucose tolerance in 10 patients improved in spite of a decrease in insulin secretion in our study. This is consistent with previous observations in which glucose tolerance in approximately one-third or half of the patients with preoperative diabetes improved after surgery [26, 27] . The Matsuda index in our patients with improved glucose tolerance increased more than in our patients without improved glucose tolerance, suggesting that amelioration of insulin resistance was one of the factors that improved postoperative glucose tolerance.
Based on the results obtained in this study, we would be able to select patients who need postoperative insulin therapy soon after PD. It is unclear whether the findings would improve the prognosis after PD in this study. In order to show the evidence that the findings would promise the better clinical course after PD, another prospective study would be needed.
In conclusion, pancreatic parenchymal thickness, preoperative ∆ C-peptide, preoperative F-CPR, preoperative I.I. and preoperative FPG could predict postoperative insulin secretion. Among these parameters, preoperative ∆ C-peptide, F-CPR or I.I. was the best parameter for predicting postoperative insulin secretion; however, pancreatic parenchymal thickness could also be a useful parameter in clinical practice. For patients undergoing PD, a preoperative ∆ C-peptide of 0.65 ng/mL, a preoperative F-CPR of 0.85 ng/mL, a pancreatic parenchymal thickness of 6.0 mm and a pre-
Discussion
Glucose intolerance is an important problem following PD. The attenuation of insulin secretion capacity resulting from reduced pancreatic volume is the main factor contributing to the worsening of glucose tolerance [5, 8] . The present study is the first report in which preoperative parameters, including pancreatic parenchymal thickness, have been comprehensively examined for predicting postoperative insulin secretion and the need for postoperative insulin therapy in PD.
First, we showed that pancreatic parenchymal thickness, as well as other preoperative parameters including preoperative ∆ C-peptide, F-CPR, I.I. and FPG, was significantly associated with postoperative insulin secretion. Multiple regression analyses revealed that the most significant determinant of postoperative ∆ C-peptide was preoperative ∆ C-peptide or F-CPR and that the most significant determinant of postoperative I.I. was preoperative ∆ C-peptide. In these analyses, pancreatic parenchymal thickness was also a significant determinant of postoperative ∆ C-peptide and a reference predictor of postoperative I.I. Second, we placed those parameters in order and determined the appropriate cut-off values for the need for postoperative insulin therapy by ROC analysis. Pancreatic parenchymal thickness, preoperative ∆ C-peptide, preoperative F-CPR and preoperative FPG had high AUCs, sensitivities, specificities, negative predictive values and positive likelihood ratios and low negative likelihood ratios. Among the factors with positive predictive values, preoperative ∆ C-peptide was the best for identifying subjects who needed postoperative insulin therapy, followed by pancreatic parenchymal thickness.
The present study revealed that preoperative insulin secretion could predict postoperative insulin secretion. However, the glucagon or glucose loading test is somewhat stressful and time-consuming [11] . Moreover, patients with malignant neoplasms of periampullary lesions are often fasting and under intravenous drip as a result of complications such as jaundice and pancreatitis [23] . In such patients, preoperative insulin secretion cannot be evaluated by ∆ C-peptide, I.I., FPG or F-CPR. In our study, 11 patients could not undergo an intravenous glucagon test and 10 patients could not undergo a 75-g OGTT before surgery, 6 patients missed preoperative FPG and 8 patients missed preoperative F-CPR. In contrast, pancreatic parenchymal thickness could be measured without fail and would be less
